Background: CD20 is a cell surface protein exclusively expressed on B cells. It is a clinically validated target for NonHodgkin's lymphomas (NHL) and autoimmune diseases. The B cell receptor (BCR) plays an important role for development and proliferation of pre-B and B cells. Physical interaction of CD20 with BCR and components of the BCR signaling cascade has been reported but the consequences are not fully understood.
Introduction
Activation of B cells is a tightly controlled process. One major component of these complex control mechanisms is the B cell antigen receptor (BCR) [1] , a multimeric complex of membrane proteins with at least two immunoglobulin molecules together with CD79a/b in the core-unit and many accessory proteins [2] . The complexity of the downstream signaling events can lead to distinct outcomes (development, differentiation, apoptosis or activation of B lymphocytes), depending on the maturation state of the cell, magnitude and duration of activation, and modulating signals from other pathways (eg. CD40, CD19, CD45, CD22, PIR-B, CD32/FccIIB) [3] . B cells that escape from this control can give rise to leukemia or lymphoma [4] . In recent years the anti-CD20 antibody rituximab has led to major improvements in the treatment of NHL and rheumatoid arthritis [5] . Besides riuximab which is a so called type I anti-CD20 antibody, type II antibodies are scrutinized at the moment. In addition to ADCC and CDC, mediated via the Fc-part of an anti-CD20 antibody, mostly the so called type II anti-CD20 antibodies also cause direct cell death by binding CD20 [6] -but the exact contribution of these different molecular mechanisms to efficacy is not yet fully understood [7, 8] .
CD20 (official gene symbol is MS4A1) is a B cell specific, tetraspanning membrane protein of unknown function without a known ligand. Several observations point to an interrelation with the BCR: In the absence of rescuing/anti-apoptotic signals B cells in culture undergo apoptosis/cell death after crosslinking BCR as well as after crosslinking CD20 [9] [10] [11] [12] [13] [14] . Immunofluorescence experiments showed that BCR and CD20 co-localize in lipid rafts upon treatment with type I CD20 antibodies [15] . There also seems to be a common connection with calcium flux [16, 17] . Similar phospho-protein patterns have been described, which led to the speculation that CD20 may ''hijack'' BCR signaling components [16] . Moreover, direct physical coupling of CD20 and BCR has been reported [18] .
Although there are a few other examples of agonistic antibodies triggering signal cascades is not a common feature of antibodies. Therefore it is noteworthy that anti-CD20 and anti-BCR antibodies may activate interfering signal transduction [19, 20] . A signaling cascade at least in part common to BCR and CD20 has also strongly been implicated by the facts that a survival factor for B cells called BAFF (TNFSF13B) is able to block apoptosis mediated by both [21] and that expression of six genes changed similarily after treatment with anti-CD20 and BCR antibodies [22] .
The goal of this study was to test on the whole transcriptome level whether concordant gene expression changes occur after BCR activation and anti-CD20 antibody treatment of human lymphoma cells.
Results

Effect of anti-BCR treatment on the level of transcription
Because expression of IgM (immunoglobulin M) is a hallmark of B cells and most lymphoma cell lines contain IgM as immunoglobulin part of the BCR [21, 23] anti-IgM antibodies are generally used for activation of the BCR in-vitro [3, [24] [25] [26] [27] . There are some cell lines (eg. SUDHL4 [16] , DOHH2 [19] ), however, that are reported to utilize IgG (immunoglobulin G) instead of IgM. The cell lines used in this study (Z138, OciLy18, REC1 and SUDHL4) were all treated with both anti-IgM-and anti-IgG antibodies to trigger B cell receptor. To trigger CD20 signaling we applied anti-CD20 antibodies called rituximab and LT20, respectively.
As Fcc receptors can interfere with the BCR signaling pathway [28] , we included LT20 containing a murine Fc-part and F(ab') 2 -fragments of anti-IgM antibodies to check, if there was an influence of the human Fc-part of the applied whole antibodies capable of binding to Fcc receptors.
Of the four cell lines tested REC1 responded most strongly to anti-IgM and anti-IgG antibody treatment in terms of numbers of deregulated genes, while OciLy18 and Z138 showed fewer gene expression changes. SUDHL4 responded strongly to anti-IgG antibody whereas after treatment with anti-IgM antibodies almost no significant changes in gene expression occurred (Table 1) . FACS (fluorescence activated cell sorting) analysis confirmed that these cells only express IgG but not IgM on the cell surface. This is consistent with previous reports [16] .
These experiments showed that both anti-IgM and anti-IgG treatments were able to trigger specific transcription changes.
Comparison of transcriptional changes after treatment with anti-IgM and anti-IgG antibodies
As expected treatment of Ocily18 with anti-IgM antibodies or anti-IgM F(ab') 2 -fragment showed extensive overlap with regard to gene expression changes but also with treatment with anti-IgG antibodies (Table 2) .
Similar results were obtained with the cell line Z138. While Z138 cells in terms of number of gene expression changes responded equally well to cross-linking of IgG and IgM, the OciLy18 cells were three-fold more responsive to anti-IgM versus anti-IgG treatment. As a consequence, the overlap of the transcriptional changes induced by the two treatments was larger in the latter cells. In REC1 cells due to even stronger gene expression responses the overlap was even more extensive.
The large overlap in the gene expression responses to the whole anti-IgM and the anti-IgM F(ab') 2 -fragment observed for all three cell lines attests to the high technical and biological reproducibility of the anti-IgM response. In general fewer genes responded to anti-IgM compared to anti-IgM-F(ab') 2 treatment in these three cell lines. This might reflect inhibitory effects exerted by the Fc part via binding to FCGR2.
The higher variability of the anti-IgG response of the three cell lines correlated with the differences in the levels of cell surface exposed IgG molecules. Although all antigen-binding membrane immunoglobulins, irrespective of the isotype, associate with the CD79a/b chains, it has been previously shown that BCRs containing IgM cytoplasmic tails are regulated by co-receptor CD22, whereas those containing IgG cytoplamic tails are not [29, 30] . In agreement with this, in all cell lines that represent an immature B-cell state and still express IgM type BCRs the two Transcription changes induced by anti-CD20 antibodies Although Z138 and OciLy18 express CD20 on their cell surface (Table 3 ) these cell lines did not or only very little respond to anti-CD20 antibodies in terms of transcriptional changes. This indicates that CD20 expression alone at the cell surface is not sufficient to trigger substantial transcriptional responses.
In SUDHL4 and REC1 anti-CD20 treatment elicited extensive changes in transcription: Treating SUDHL4 with rituximab and LT20 resulted in an extensive overlap of deregulated genes with only very few unique deregulated genes ( Table 2 ). The remarkable concordance between the transcription patterns of the two different type I anti-CD20 antibodies strongly indicates that the observed effects were target-mediated. In REC1 cells transcriptional changes after treatment with rituximab or its F(ab') 2 -fragment were less pronounced than changes after LT20 treatment. Not unexpectedly, the same genes responded to treatment with rituximab and its F(ab') 2 -fragment. These genes are a subset of the larger panel that was deregulated by LT20 treatment.
These results show that in 2 out of 4 cell lines studied specific transcription changes were induced by anti-CD20 treatment, independent of the isotype of antibody used.
Comparison of expression changes induced by anti-CD20 and anti-BCR treatment
Having checked the consistency of the treatments with antibodies against either CD20 or BCR we compared anti-CD20 with anti-BCR treatment.
With SUDHL4 the transcription patterns overlapped in 342 deregulated genes (Figure 1A and B; Table 2 , Individual genes are listed in Table S1 .) i.e. 48% of the anti-CD20 pattern were covered by the BCR pattern. The corresponding comparison for REC1 results in an overlap of 92% ( Figure 1C and D, 415 genes overlap with anti-BCR treatment out of 452 deregulated genes after anti-CD20 treatment. Individual genes for intersection of union lists are listed in Table S2 ).
Besides comparing anti-CD20 and anti-BCR treatments in REC1 and SUDHL4 separately we also analyzed which changes were common to both cell lines. The overlaps of the union lists are Table S3 ). This analysis suggested that the transcription changes induced by anti-BCR and anti-CD20 antibodies partially overlap but that the (whole) response pattern is highly cell line specific.
Comparison of activation patterns of different cell lines
Given the extensive overlaps between the responses to anti-BCR and anti-CD20 treatments within each of the two cell lines, and yet the small overlaps between both cell lines, we compared the BCR transcription patterns across all four cell lines ( Figure 3) . Here again the overlaps were rather small and the proportion of genes uniquely regulated in a given cell line was much higher. Only 25 up-and 17 down-regulated genes were common in all four cell lines (Individual genes are listed in Table S4 ). The deregulated genes contained in this overlap were analyzed further with respect to their functional context (Table 5) .
To identify the functional clusters behind the genes influenced by anti-CD20 treatment we conducted the analogous comparison and analysis for GO annotation, Panther, Biocarta and KEGG pathways (Table 6) as described above for the BCR response genes. We found that many deregulated genes are associated with cell death, stress signaling, BCR activation, immune response, and development of hematopoietic cells.
Despite the differing transcription patterns of the two cell lines responding to anti-CD20 and of all four cell lines responding to anti-BCR a few genes were affected by all treatments. Of these 5 were up-and 8 were down-regulated. They comprise transcription factors, adaptor proteins for signaling cascades, a ubiquitin ligase and a stress kinase -proteins that are involved in the NFkB (Nuclear factor kappa B) signaling pathway, cellular stress and apoptosis (Table 7 and Figure 4) . A noteworthy aspect is the down- Table 5 . Functional clustering of genes deregulated by anti-BCR antibodies in cell lines OciLy18, Z138, REC1 und SUDHL4. regulation of genes associated with the BCR signaling pathway: DAPP1, ETS1 and VPREB3. Another interesting finding was the induction of BIC -a gene locus for miRNA155. The gene expression results suggested that antibodies against CD20 and antibodies against BCR share common signaling pathway components.
Influence of SYK inhibition or siRNA mediated SYK downregulation on both anti-CD20 and anti-BCR treatment Based on the findings outlined above, we hypothesized that the CD20 signaling cascade also contains the kinase SYK. In the BCR pathway, SYK acts downstream of the signaling molecules CD79a/b and upstream of NFkB or other signaling cascades towards the nucleus.
The cytokines CCL3/4 are easy to monitor, secreted proteins whose transcription is potently induced in response to rituxmab [31] and BCR activation. We therefore pre-incubated SUDHL4 cells with two known SYK inhibitors [32] , applied the stimulatory antibodies and measured the amount of secreted CCL3/4 ( Figure 5A ). As expected, SYK inhibitors I and IV abrogated the CCL3/4 secretion induced by either anti-IgG antibodies or anti-CD20 antibodies.
We also silenced Syk in SUDHL4 via siRNA-mediated downregulation. Syk knockdown was confirmed by FACS analysis: Mean intensity of controls was 409 (relative light units), for Syk knockdown 262 indicating a 60% reduction of Syk surface expression after subtraction of auto fluorescence (177). This resulted in a statistically significant reduction of CCL3/4 induction of 37% and 38% for anti-BCR treatment and 25% and 28% for rituximab, respectively ( Figure 5B ).
Since both, direct inhibition as well as silencing of the kinase Syk abrogated antibody induced cytokine induction we concluded that BCR cascade component Syk indeed plays a role for both CD20 and BCR mediated signaling.
Discussion
In this study, we demonstrated that anti-CD20 and anti-BCR antibodies induce similar transcriptional changes. BCR-stimulated transcription patterns were elicited in four NHL cell lines by using antibodies against the immunoglobulin part of the BCR 41 , be it IgM or IgG. Although there might be differences in the dynamics of internalization by artificially crosslinking BCRs with agonistic antibodies versus antigens that naturally crosslink the BCR [33] this seems of minor importance for our study comparing the transcriptional responses to various antibody treatments.
Treatment of cells with anti-IgM and anti-IgG antibodies induces transcription patterns related to immune response and BCR activation including components that play important roles in the BCR signaling pathway itself. A literature derived list of 61 genes for BCR activation overlaps in 16 genes for Ocily18, in 14 genes for REC1, in 30 genes for SUDHL4 and in 22 for Z138. As shown here the transcription changes induced by BCR stimulation of four cell lines have very few deregulated genes in common. This is most likely due to the different origin of the lines (Ocily18 and SUDHL4 are DLBCL, Z138 and REC1 are Mantle cell lymphoma cell lines) that reflects different developmental stages of B cells. For normal B cell development CD27 (TNFRSF7) can be used as a marker of maturity: Naïve B cells lack it, activated B and memory cells express it moderately and plasma cells express it strongly. We tried to stage the cell lines according to their expression of this and other known lineage specific CDs but as previously described in the literature [34] we found that lymphoma cell lines express marker combinations that do not fit the expression scheme for normal B cell development. The fact that only two of four cell lines were responsive to anti-CD20 antibodies diminishes the options for comparisons, but proves that the anti-CD20 antibodies used were not inducing unspecific effects like general cytotoxicity.
Citerra el al. reported that rituximab induces different but overlapping sets of genes [35] . Interestingly, out of 16 genes described by them to be up regulated by anti-CD20 antibodies in their DHL4 cell line we found 9 (RGS2, DUSP2, IER2, NR4A1, ZFP36, FOS, ID3, ZFP36L1, CD83) to be up regulated in our data set, too.
A very interesting change in expression was observed for BIC, the locus for the miRNA155. BIC has been reported to be highly expressed and further inducible by BCR stimulation in DLBCL tumors of the activated B cell like phenotype [36] . Normally, miRNAs should not be detected by Affymetrix profiling with the HG-U133 plus 2.0 chip, but it is known that the BIC transcript has a poly A-tail [36, 37] . This explains why it was detected with our sample preparation using oligo-dT-primed cDNA synthesis.
Why some NHL cell lines are responsive to antibodies against CD20 and others are not is still a matter of debate. It has been postulated that the amount of CD20 on the cell surface influences the response to anti-CD20 antibodies as cells with high CD20 expression respond strongly, while cells with low CD20 expression do not. However some cell lines are able to respond to anti-CD20 antibody treatment only when the antibodies are hyper-crosslinked [16] indicating that responses do depend on the amount of crosslinked CD20. But that does not explain why cell lines bearing comparable amounts of CD20 can either be responders or not. Based on our results, we can rule out the hypothesis that cell lines non-responsive to rituximab treatment have a defect in their BCR signaling cascade, as the non-responding cell lines Ocily18 and Z138 respond to BCR-crosslinking.
Kheirallah et al. recently provided evidence for interaction of CD20 and BCR signaling in the proximal part of the cascade and proposed mutual inhibition of their signals [19] . Our study adds some confirmatory evidence to the latter point, since both types of treatment downregulated important components of the BCR signaling cascade. Assuming that both membrane proteins stimulate the same pathway and activate negative feedback loops by regulating the same transcriptional targets or activating inhibitory phosphatases then the pathway would be inhibited for both signals as well. Moreover Kheirallah et al. show that rituxmab leads to disorganization of lipid rafts and this seems to impede BCR signaling directly.
Antibodies might interact with cell surfaces not only with their specific target antigen via their CDRs but also via their generic (human) Fc-part with Fcc receptors and one of these, FCGR2B (Fc gamma receptor 2 B), is known to interact with BCR signaling in an inhibitory manner [38] [39] [40] by recruiting phosphatase SHIP1 via its ITIM (immunoreceptor tyrosine-based inhibitory motif) [41, 42] . We therefore used in this study also F(ab') 2 fragments besides whole antibodies and antibodies with Fc-portions of either human or mouse origin. Comparisons revealed varying sensitivity of cell lines with respect to this issue, maybe due to different FCGR2B expression on the cell surface or different sensitivity of the receptor [43] . A crucial part downstream in the BCR signaling cascade (that is repressed by anti-CD20 and anti-BCR antibodies in SUDHL4) is Syk. Syk inhibition blocks BCR signaling and is being investigated for the therapy of lymphoma [44] . The applied inhibitors I and IV are very specific, indicated by the fact that the reported biochemical IC50s for Syk are very low (14 nM [45] and 10 nM [46] respectively) and the IC50 of Inhibitor IV for related kinases is greater than 5 mM [45] and the reported cellular EC50s are 313 nM [45] and 110 nM [46] respectively. Direct Syk inhibition affected antibody mediated CCL3/CCL4 secretion which confirms that the signaling induced by both anti-BCR and anti-CD20 antibodies involves Syk. The same effect can be achieved by siRNA mediated silencing of Syk. It also suggests that Syk inhibitors might interfere with anti-CD20 antibody therapy.
In conclusion our study provides evidence of considerable similarities of transcription changes between anti-CD20 and anti-BCR antibodies. Combined with previous findings of interference this points to a shared pathway and provides further insight into the mode of action of anti-CD20 antibodies. 
Materials and Methods
Cells and reagents
DLBCL cell line OciLy18 (Ontario Cancer Institute) was grown in IMDM supplemented with 20% FCS, 50 mM b-Mercaptoethanol, 25 mM Hepes und 2 mM Glutamine.
MCL cell line Z138 (Glycart) was grown in DMEM supplemented with 10% FCS and 2 mM Glutamine. MCL cell line REC-1 (DSMZ) and DLBCL cell line SUDHL-4 were grown in RPMI 1640 supplemented with 10% FCS and 2 mM Glutamine. All cell lines were cultured at 37uC in humidified 5% CO 2 atmosphere.
For each microarray analysis 7*10 6 cells in 7 ml suspension were treated for 4 h with 10 mg/ml whole antibody (Rituximab (Roche), LT20 (Exbio), anti-IgG antibody, anti-IgM antibody (SouthernBiotech), isotype (SouthernBiotech). To achieve equimolar concentrations we applied 6,6 mg/ml of F (ab') 2 fragment of anti-IgM antibody (SouthernBiotech). Cells were lysed with RLTM lysis buffer (Qiagen).
siRNA transfection
Cells were transfected by electroporation using AMAXA, Kit V (Lonza) Program O-017. Briefly 5*10 6 cells were transfected with 1 ng SYK siRNA or control siRNAs RISC free, Luciferase (Dharmacon). Cells were seeded at 5*10 5 cells per ml and protein depletion was assessed 40 h after transfection by FACS analysis.
Microarray analysis
The cRNA microarray analysis was performed using genechip HG U133 Plus 2.0 (Affymetrix). Probe labeling was performed as described previously. Briefly, total mRNA was reverse transcribed and cDNA was transcribed in-vitro with labelled nucleotides. Labelled and fragmented cRNA was hybridized to the chip over night. Analyses were performed using GENECHIPH Operating Software (GCOS, Affymetrix). Experiments were done with three replicates.
All data are MIAME compliant and were deposited in GEO with the accession number GSE23394. http://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?token = lnyxheqicsesilc&acc = GSE23394.
Data analysis comprised three steps: 1) filtering 2) consistency check via intersecting 3) characterization.
The data were filtered by applying the following criteria: at least in one of two compared samples mean .100, call .0.5, |fold change| .2.
Lists with filtered genes were compared with each another using in-house Excel ad-ins for generating unions and intersections and pictures were generated with VENNY (Oliveros J.C. (2007) VENNY. An interactive tool for comparing lists with Venn Diagrams. http://bioinfogp.cnb.csic.es/tools/venny/index.html). GO annotations were retrieved from http://david.abcc.ncifcrf. gov/tools.jsp. Further analysis was conducted using IPAIngenuity pathway analysis (Ingenuity Systems).
SYK-inhibition and CCL3/4-ELISA
To quantify the amount of CCL3 released upon antibody induced BCR-or CD20-crosslinking we applied the QuantikineH Kits (Human CCL3/MIP1-alpha and Human CCL4/MIP1-beta, R&D Systems). ELISA was performed according to the manufacturer's directions. Briefly 3*10 5 cells per well were seeded into 96well plates and pre-incubated with Syk-inhibitors I or IV (BAY61-3606) (Calbiochem) at various concentrations for 1 h. Antibodies were added and analyses were performed after additional 4 h.
Flow cytometry/FACS
Cells were washed with cold PBS (GIBCO), and either blocked with human serum (GIBCO) or for intracellular target detection fixed with para-formaldehyde, permeabilized with saponine and then stained on ice for 20 min with FITC-, APC-or PE-labelled mAbs (Jackson Immunoresearch, BD Biosciences) and analysed by flow cytometry (FACS CANTO II, BD Biosciences). Analysis was performed with DIVA software (BD Biosciences). 
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